Introduction
In the last decade or so, the phenomenon of surface plasmon resonance (SPR) has become a highly efficient mechanism for sensing applications in the fields of chemistry, environmental studies and biological systems [1] - [4] . The introduction of new concepts such as optical fibers, metal nanoparticles and various others has been very helpful in making SPR sensors much faster, more reliable, sensitive and accurate [5, 6] . Apart from its competitive performance, some of the biggest advantages of SPR sensors lie in their tunable performance. For instance, using bimetallic layers in place of a single metal layer with well-defined thickness ratio may reasonably defy the usual trade-off between the sensitivity and accuracy of the sensor [7] . There may be several other issues related to tunable performance, such as using the SPR technique for the detection of a much wider range of refractive indices, for in situ humidity and temperature detection, etc.
As another improvement within the SPR sensing procedure, the introduction of an alternating dielectric multilayer device was a crucial development [8] . It has been reported that such a 'mirror-like' alternating dielectric multilayer device is able to improve as well as tune the SPR sensor's detection capability. In the above work, the method of angular interrogation along with a coupling prism has been used for performance evaluation of such a sensor. However, a large number of practical sensors are based on the spectral interrogation method, especially when used with optical fibers. Also, it may be worthwhile to analyze the above alternating dielectric multilayer device under the material dispersion in all the layers rather than working at a single wavelength.
In the present work, we have proposed and theoretically analyzed the design of a fiber optic SPR sensor in conjunction with an alternating dielectric multilayer device. The dielectric layers are assumed to be of silica (SiO 2 ) and titanium oxide (TiO 2 ) due to a large difference in their refractive indices. The spectral interrogation method is used. As another crucial addition, the effect of concerned design parameters, such as thickness ratio and order of dielectric layers, on Figure 1 . A fiber optic SPR sensor model with the dielectric multilayer system. the sensor's activity has been studied. The analysis is carried out for four SPR active metals: silver, gold, copper and aluminium. From the application point of view of the present design, it has been shown that the proposed scheme not only shows a higher operating range, but is also highly suitable for gas sensing. The theoretical findings have been explained in terms of adequate physical phenomena such as phase variation and radiation damping. The present scheme may become very handy in environmental chemistry due to its capability of gas sensing in conjunction with the well-established feature of in situ SPR detection.
Theoretical model
The attenuated total reflection (ATR) method along with Kretschmann configuration is generally used in SPR measurements. In the present design of a fiber optic SPR sensor, the cladding around the core of a multimode step-index optical fiber is removed and is coated with a metal layer of thickness d 1 . This inner metal layer is further covered with a series of alternating SiO 2 and TiO 2 thin layers of thickness d S and d T , respectively. Two such layers together make a coupled SiO 2 -TiO 2 layer of combined thickness d ST 
. This series of alternating dielectric thin layers is further covered with an outer metal layer of thickness d 2 , and this outer layer is finally covered with the sensing medium (figure 1). Light from a polychromatic source is launched into one of the ends of the fiber and is detected at the other end. Now, we discuss all the constituents of the present multilayer SPR sensor design (figure 1) along with their spectral properties one by one.
Fiber core
We assume the central core of the optical fiber to be made of silica doped with B 2 O 3 in order to attain higher sensitivity, and the wavelength dependence of its refractive index is expressed according to the Sellmeier relation as [9] n (λ)
where λ denotes the wavelength (in µm). 
Metal layer
According to the Drude formula, the dielectric function (ε m ) of any metal can be written as
In the above expression, λ p stands for plasma wavelength, which is defined as the wavelength corresponding to the frequency of the oscillations of electron density in the metal. Further, λ c stands for collision (or damping) wavelength, which corresponds to the damping of electron density oscillations due to collisions among the electrons. The values of λ p and λ c for Ag, Au, Cu and Al are given in table 1 [10, 11] .
SiO 2 layer
Next is the refractive index of SiO 2 layer, which is given by the Sellmeier relation as equation (1) . The corresponding values of the Sellmeier coefficients for SiO 2 and the fiber core are given in table 2 [9] .
TiO 2 layer
For the TiO 2 layer, the variation of refractive index with wavelength is given in terms of DeVore's empirical formula as [12] n TiO 2 (λ) = 5.913 + 0.2441 
The reflection coefficient and transmitted power: the matrix method
To obtain the expression for the intensity reflection coefficient (R) for a p-polarized incident beam, we have used the matrix method for a multilayer system [7] . The matrix method is very useful, because it can be applied to a system containing any number of layers. Also, the calculations are very easy, accurate and precise due to absence of approximations. The main idea of the multilayer matrix method is shown in figure 2 (a). The layers are assumed to be stacked along the z-axis. The arbitrary medium layer is defined by thickness d k , dielectric constant ε k , permeability µ k and refractive index n k . The tangential fields at the first boundary z = z 1 = 0 are related to those at the final boundary z = z N −1 by
where U 1 and V 1 , respectively, are the tangential components of electric and magnetic fields at the boundary of the first layer. U N −1 and V N −1 are the corresponding fields at the boundary of Nth layer. Here, M is known as the characteristic matrix of the combined structure and is given by
with
where
and
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The amplitude reflection coefficient for the p-polarized incident wave is given by
Also, the complete form of r p in terms of its phase (ϕ p ) is given as
Finally, the intensity reflection coefficient for p-polarized light is
Further, the normalized transmitted power at the output end of the fiber is calculated for all-guided-rays launching as we had carried out in our previous study for a fiber optic SPR sensor [7] .
Performance parameters
There are mainly three important performance parameters of an SPR sensor. These are sensitivity, signal to noise ratio (SNR) and operating range, and all of them should be as high as possible for a sensor. Detection limit is another aspect to evaluate the performance of any sensor. It corresponds to the minimum variation in refractive index of the sensing medium which can be detected by a sensor. In the SPR sensor based on wavelength interrogation, the SPR wavelength (λ SPR ) is determined corresponding to the refractive index of the sensing layer (n s ).
If the refractive index of the sensing layer is altered by δn s , the resonance wavelength shifts by δλ SPR ( figure 2(b) ). The sensitivity (S n ) of an SPR sensor with spectral interrogation is defined as [13] S n = δλ SPR δn s .
The accuracy of the detection of the SPR wavelength (λ SPR ) depends on the width of the response curve. The spectral width of the SPR curve should be small for an accurate measurement of resonance wavelength. Therefore, similar to angular interrogation [14] , if δλ SW is the spectral width of the response curve at some reference reflectivity value (e.g. 0.5 in figure 2(b) ), the SNR of the SPR sensor utilizing spectral interrogation can, therefore, be written as
As far as the operating range is concerned, it is the range of the sensing layer refractive index (n s ) that a sensor can detect for a given wavelength range. For instance, if one wants to operate the sensor in the visible region only, then the range of n s values with their corresponding λ SPR falling in the visible region will decide the operating range of the sensor.
Results and discussion
Figure 3 has a 4 nm thick SiO 2 layer and a 36 nm thick TiO 2 layer. Similarly, if this fraction is 0.9, it means that the coupled layer contains a 36 nm thick SiO 2 layer and a 4 nm TiO 2 layer. Further, three coupled layers make it a complete dielectric layer system of 120 nm thickness. Also, the thickness of inner and outer metallic Ag layers has been taken as 25 nm each. This set of metal layer thickness and dielectric coupled layer thickness is chosen because the penetration depth of a surface plasmon wave is sufficient for a proper interaction with an evanescent wave formed in the range of wavelengths used in the present work. The values of other fiber parameters are: numerical aperture (NA) = 0.24, fiber core diameter (D) = 600 µm, and sensing region length (L) = 15 mm. Figure 3 (a) corresponds to the condition when the SiO 2 layer is in contact with the inner Ag layer (namely, SiO 2 inner). There may be another possibility when the SiO 2 layer is in contact with the outer Ag layer (namely, SiO 2 outer). It is clearly seen that for different SiO 2 layer thickness fractions, SPR occurs at different wavelengths for a single value of the sensing layer refractive index and for all other parameters kept unchanged. Also, the SPR wavelength varies from around 800 nm to around 540 nm, corresponding to a change of 0.1 to 0.9 in SiO 2 layer thickness fraction. Thus, we go deeper into the analysis for a clear understanding of this substantial shift in resonance wavelength due to the variation in SiO 2 layer thickness fraction.
Overall influence of coupled SiO 2 -TiO 2 layers
Figure 3(b) shows the variation of SPR wavelength with SiO 2 layer thickness fraction for an n s value of 1.333. As is visible, for both SiO 2 inner and SiO 2 outer conditions, the SPR wavelength shifts to lower values as the SiO 2 layer fraction increases. However, the shift is more for the second case, for which the SPR wavelength varies from around 800 nm (corresponding to an SiO 2 layer fraction of 0.1) to approximately 540 nm (corresponding to an SiO 2 layer fraction of 0.9), i.e. an SPR wavelength shift of around 260 nm. This suggests that the variation in the bi-layer composition of SiO 2 and TiO 2 may act as a critical parametric tool to tune the plasmon resonance wavelength corresponding to any sensing medium.
The next issue in this context is how this parameter affects the sensitivity and detection accuracy of the sensor model. Figure 4 (a) depicts the variation of sensitivity with SiO 2 layer thickness fraction for δn s = 0.003 RIU (i.e. n s1 = 1.333 and n s2 = 1.336). The sensitivity increases with an increase in SiO 2 fraction for both cases. Also, the first case is found to be slightly more sensitive than the second one. More precisely, as shown in the curve and with the present set of design parameters, sensitivity may increase up to twice its lowest value (i.e. for an SiO 2 fraction of 0.1). Figure 4 (b) shows the variation of SNR (or detection accuracy) with SiO 2 fraction for the two cases. Similar to sensitivity, SNR also increases with an increase in SiO 2 fraction. As found in the curve, SNR may also increase up to approximately 2.5 times in comparison to the lowest value (i.e. for an SiO 2 fraction of 0.1). Thus, this suggests that the overall performance of the sensor can be tuned according to the user's requirement by tuning the thickness composition of SiO 2 -TiO 2 coupled layers. More precisely, a thicker SiO 2 layer and a thinner TiO 2 layer is helpful in providing better performance and tuning of the resonance wavelength towards the shorter side.
Interpretation in terms of output signal phase variation
The next step is to explain the possible reason for the above-discussed observations. In general, the properties of SPR curves are explained in terms of the matching of resonance condition, i.e. a strong transfer of power takes place from incident light to surface plasmons through an evanescent wave when the propagation constants of the evanescent wave and the surface plasmon wave become equal to each other. The wavelength at which this happens is known as the SPR wavelength (λ SPR ). At the SPR wavelength, the output light signal encounters a sharp dip. An equally logical interpretation of the SPR phenomenon is in terms of variation of phase of the SPR output signal. If one observes the phase variation of the output signal, then at the SPR wavelength, phase also encounters a sharp variation (or dip). Figure 5 shows the variation of phase as well as power of the output signal against wavelength corresponding to some value of the sensing medium refractive index. As can be seen, the power and phase go through a sharp dip at the resonance wavelength. As one changes the refractive index of the sensing medium, the resonance point shifts to some other wavelength and this shifting of the resonance point is at the same wavelength for phase as well as power. Now, in the context of the present SPR sensor design, it is much more logical as well as convenient to give all explanations in terms of phase variation, because such multilayer systems are, generally, based only on phase-altering mechanisms. So, we try to analyze the variation of phase of the reflected light inside the optical fiber. Figure 6(a) is the corresponding phase variation with wavelength for an SiO 2 fraction of 0.1. The figure contains four curves corresponding to the two above-mentioned cases (i.e. silica inner and silica outer) and both with two different refractive indices of the sensing medium (i.e. n s values of 1.333 and 1.336 RIU). Similarly, figure 6(b) is the phase variation with wavelength for an SiO 2 fraction of 0.9 while the other parameters are kept the same as in figure 6(a) . The purpose of these two figures is to show the influence of variation of SiO 2 fraction on the shift in resonance wavelength as well as on the sensitivity of the sensor. As is visible in these two figures, SPR wavelength shifts to the shorter side (for both the cases as well as for both the values of the sensing medium refractive index) when the SiO 2 fraction is altered to 0.1 from 0.9. For instance, for the SiO 2 outer case in figure 6(a) The next observation is regarding the sensitivity of the present sensor design. Since the shift in phase resonance points with a change in the sensing medium index is different for different SiO 2 fractions, sensitivity also depends on the thickness composition of SiO 2 and TiO 2 layers. For instance, in the above-given data for SiO 2 outer case, shift in SPR wavelength (δλ SPR ) due to a refractive index change (δn s ) of 0.003 RIU (i.e. a change in n s from 1.333 to 1.336 RIU) is 2.09 nm when SiO 2 fraction is 0.1. Now, for the same δn s value, δλ SPR becomes 3.74 nm when SiO 2 fraction is 0.9. Hence, sensitivity rises from around 0.69 nm per RIU to 1.25 nm per RIU as one varies the SiO 2 fraction from 0.1 to 0.9. Similarly, a corresponding sensitivity rise from 0.7 to 1.24 nm per RIU is observed for the silica inner case.
Next is the influence of SiO 2 fraction on SNR (detection accuracy) of the sensor. As is visible, the resonance points in figures 6(a) and (b) shift to shorter wavelengths as the value of SiO 2 fraction is increased. This particular result concerning SNR can be efficiently explained in terms of a physical phenomenon called radiation damping, which is defined as the proportion of light back-scattered by the metal-dielectric interface upon excitation of surface plasmons. This back-scattered light interferes destructively with the incoming light as the two are in opposite directions to each other. As the amount of radiation damping increases, the SPR curve becomes deeper and the corresponding dip is sharper, because radiation damping is able to compensate for the incoming light to increase the absorption. In the present case, at larger SiO 2 fractions, resonance takes place at shorter wavelengths, whereas the resonance point shifts to longer wavelengths for smaller SiO 2 fractions as explained above. Radiation damping is strong if SPR takes place at shorter wavelengths as it has an inverse dependence on excitation wavelength. Therefore, the SPR curve is much sharper at larger SiO 2 fractions due to increased radiation damping, which implies that the SPR curve width is much smaller at larger SiO 2 fractions. Hence, SNR is significantly higher at larger SiO 2 fractions in comparison to that at smaller SiO 2 fractions. Figure 4(b) shows the same trend of rise in SNR because of decrease in SPR curve width with an increase in SiO 2 fraction.
Application to gas sensing
It is generally observed that the standard SPR configuration with a single thin metal layer (typically 50 nm in thickness) and a light coupling device (such as a prism, an optical fiber, etc) is able to sense the most of the refractive index range of standard liquids with a visible light source. More precisely, most of the standard liquids exhibit their respective SPR wavelengths in the visible or near visible spectral region (i.e. from 360 to 780 nm approximately) with a single metal layer based SPR sensor. It further means that if one desires to use the standard SPR sensor design for the detection of gases, the light source has to contain wavelengths in the far ultraviolet spectral region. Now, if the present design is observed more closely, it is an obvious case of tuning of SPR wavelength for liquid sensing media to the higher or shorter side with the help of SiO 2 fraction. The sensitivity and SNR are higher and the resonance wavelength is at the shorter side for large SiO 2 fractions; therefore, if the SiO 2 fraction and other parameters are chosen carefully, the present sensor design can obviously be used as a gas sensor with high sensitivity and SNR. Hence, as an important extension to the present study, a fiber optic SPR gas sensor based on an SiO 2 -TiO 2 multilayer structure and a visible light source is also proposed and analyzed. The number of SiO 2 -TiO 2 coupled layers is taken as 3 with an SiO 2 fraction of 0.7. This value of SiO 2 fraction is chosen keeping in mind that the SPR wavelength for the gas media may remain in the visible spectral region along with achieving high sensitivity and high detection accuracy. As another addition, the performance of other metals, i.e. gold, copper and aluminium, is also studied in order to find out the best possible sensor design for gas detection. The calculations were carried out with the thickness of the inner and outer metal layers as 25 nm each. Figure 7 depicts the sensor calibration curves between the refractive index of gaseous media and the corresponding SPR wavelength. The calibration curves were separately plotted for four metals: silver, gold, aluminium and copper. As a first sight observation from the curves, the SPR wavelengths for the whole range of gaseous refractive indices lie comfortably in the visible region for all the metals. Another important issue related to figure 7 is the slope (or the extent of variation of SPR wavelength with refractive index) of the calibration curves that is an indicator of the sensor's sensitivity. The maximum slope of the calibration curve is observed for gold and is minimum for aluminium. Silver and copper exhibit their corresponding slopes between gold and aluminium. However, silver shows more slope than copper does. By more slope, we mean that for the present refractive index range of gaseous media (i.e. from 1.001 to 1.313 RIU), silver shows an overall variation of 61.79 nm in SPR wavelength (i.e. from 519.91 nm to 581.70 nm), whereas copper shows the corresponding overall variation of 49.23 nm in SPR wavelength (i.e. from 505.11 to 554.34 nm). This implies that with the present sensor design, one may have maximum sensitivity for the whole range of gaseous refractive indices by taking the metal layers to be of gold. However, of all the four metals, since the SPR wavelengths are at the shortest side for aluminium for the whole refractive index range, it provides maximum SNR due to increased radiation damping as described earlier. Hence, there is a trade-off that if one likes to have maximum sensitivity, then SNR will be minimum and vice versa. Therefore, it is recommended that either silver or copper layers be used in order to get reasonable values of both sensitivity and SNR at any value of the gaseous refractive index. More precisely, silver may be a better choice due to larger slope of calibration curve and also due to the fact that SPR wavelengths are in close vicinity of copper, which gives rise to reasonably comparable SNR values.
Regarding the theoretical detection limit of the present sensor design with a silver layer, for above-mentioned data of variation in SPR wavelength, a variation of as small as 10 −5 RIU in the gaseous refractive index is measurable with the normally available detectors having a spectral resolution of 0.01 nm.
Regarding the operating range, the above SPR gas sensor with all the metals exhibits quite a long operating range with respect to the refractive index as SPR wavelengths for all the gaseous media are covered within the visible spectral region only. More than that, all the metals still have a lot of scope to cover more sensing media with refractive indices in the liquid range as well.
Conclusions
In conclusion, the design of a fiber optic SPR sensor with an alternating dielectric multi-layer device consisting of SiO 2 and TiO 2 is theoretically analyzed. As a performance optimization, the effect of concerned design parameters (such as thickness ratio and order of dielectric layers) on the sensor's activity is studied. The performance is evaluated in terms of detection sensitivity and accuracy. Further, a fiber optic SPR gas sensor is proposed with the present scheme. Furthermore, the analysis of the gas sensor is separately carried out for four SPR active metals: silver, gold, copper and aluminium. It has been shown and explained in terms of well-established physical phenomena that the combination of a thick SiO 2 layer coupled with a thin TiO 2 layer in the present model is able to provide high sensitivity, high accuracy along with high suitability for gas sensing. The proposed gas sensor exhibits a theoretical detection limit of the order of 10 −5 RIU and a large operating range in the visible region. In summary, a new theoretical model for SPR gas sensing in conjunction with fiber optic technology has been presented. We believe that the proposed model can be considered as a sufficient starting point for further research and development on fiber optic gas sensors based on SPR. Such a fiber optic gas sensor has many advantages in environmental and physio-chemical systems where in situ detection of gases becomes a very crucial factor.
